The flow-field design based on under-rib convection plays an important role in enhancing the performance of polymer electrolyte membrane fuel cells (PEMFCs) because it ensures the uniform distribution of the reacting gas and the facilitation of water. This research focused on developing suitable configurations of the anode and cathode bipolar plates to enhance the fuel cell performance based on under-rib convection. The work here evaluated the effects of flow-field designs, including a serpentine flow field with sub channel and by pass and a conventional serpentine flow-field on single-cell performance. Both the experiment and computer simulation indicated that the serpentine flow field with sub channel and by pass (SFFSB) configuration enables more effective utilization of the electrocatalysts since it improves reactant transformation rate from the channel to the catalyst layer, thereby dramatically improving the fuel cell performance. The simulation and experimental results indicated that the power densities are increased by up to 16.74% and 18.21%, respectively, when applying suitable flow-field configurations to the anode and cathode bipolar plates. The findings in this are the foundation for enhancing efficient PEMFCs based on flow field design.
Introduction
Polymer electrolyte membrane fuel cells (PEMFCs) are considered one of the best technologies for mitigating problems pertaining to energy depletion and environmental pollution due to their high efficiency and low exhaust emission. PEMFCs possess many advantages in energy applications due to their ability to self-start at low temperatures and high power density and because they only produce water as a by-product [1, 2] .
PEMFCs use a proton-conductive membrane at the center as an electrolyte. This membrane is impermeable to gases, conducts only positively charged ions, and blocks electrons. The membrane is sandwiched between two catalyst layers and gas diffusion layers [3] . As noted in many studies, low power density is the main problem with fuel cells in comparison with traditional power sources [4] . However, corresponding to a given membrane electrode assembly (MEA), the fuel cell power density can be significantly improved when enhancing the transformation of reactants. The mass transfer in a PEMFC can be defined as the transfer of mass between the electrodes and the flow-field due to diffusion and convection. This process is influenced by the flow-field. Consequently, the selection of the flow-field pattern is important due to the effect of the shape, size, and pattern of the corresponding flow-field on fuel cell performance [1, 5] .
under-rib convection is changed from the main channel to the sub-channel based on the sub-channel due to the difference in pressure between the sub channels, therefore improving gas permeability and overall gas diffusion force. Furthermore, when applying SFFSB to the cathode bipolar plate, the cathode flooding can be minimized and fuel cell performance is enhanced since water formed in the rib area is emitted to the sub channel and discharged toward the outlet. However, the water formation at the anode side and cathode side are different; therefore, it is necessary to find out the best configuration suitable for each side to improve the fuel cell performance. As a result, our research focused on developing suitable configurations of the anode and cathode bipolar plates to enhance the fuel cell performance by combining the CSFF and SFFSB configurations.
Based on the previous results, this research focused on developing suitable configurations of the anode and cathode bipolar plates to enhance the fuel cell performance based on the under-rib convection phenomenon. Numerical and experimental studies were conducted to evaluate the performance of PEMFCs when applying configurations II and IV for the bipolar plates with various boundary conditions of mass flow gas control, such as constant stoichiometry and constant mass flow rate. Simulations corresponding to these boundary conditions were also performed to analyze the water distribution behavior, current density concentrations, etc., to fully understand the effects of the flow-fields and boundary conditions on the PEMFC operation. As shown in Figure 1 , four cases were studied: configurations I and II, in which an SFFSB and a CSFF were used at the anode and the cathode, respectively, and configurations III and IV, in which a CSFF and an SFFSB were used at the anode and the cathode, respectively. The stoichiometry ratios of supply gases were held constant in configurations I and III, and the mass flow rates were held constant in configurations II and IV. The information of flow-field of bipolar plates with five passes and four serpentine turns and a 25-cm 2 reaction surface with and without sub-channels and ribs was described in detail in our previous studies [1] . Figure 1 . Schematics of the computational domains for the polymer electrolyte membrane fuel cell (PEMFC) system simulations and experiments: (a) configuration I, in which a serpentine flow-field with sub-channel and by-pass (SFFSB) and a conventional serpentine flow-field (CSFF) were used at the anode and cathode, respectively, and the constant stoichiometry ratios of supply gases were controlled; (b) configuration II, in which an SFFSB and a CSFF were used at the anode and cathode, respectively, and the constant mass flow rates were controlled; (c) Configuration III in which a CSFF and an SFFSB were used at the anode and cathode, respectively, and the constant stoichiometry ratios of supply gases were controlled; and (d) configuration IV, in which a CSFF and an SFFSB were used at the anode and cathode, respectively, and the constant mass flow rates were controlled. 
Experimental Procedure

Fuel Cell Assembly
Two general types of flow-fields were developed in this study: a serpentine channel flow-field with five channels and a 25-cm 2 active area with and without a sub-channel and rib made of graphite. The dimensions of the designed graphite BPs are shown in Table 1 . Table 1 . Geometrical details of the two flow-fields of CSFF and SFFSB used in this research.
Flow-Field Patterns CSFF SFFSB
Main channel width (mm) The fabricated anode and cathode BPs were assembled together with membrane electrode assembly (W.L. Gore & Associates PRIMEA ® Series 57 MEA, W.L. Gore and Associates Inc., Newark, DE, USA) including a Nafion membrane with Pt loadings of 0.4 mg/cm 2 . The MEA and GDLs (SIGRACET ® GDL, SGL CARBON GmbH, Augsburg, Germany) were pre-laminated at the factory with a 25-cm 2 active area. Two metal endplates were used to sandwich all parts of the fuel cell to maintain good electrical contact between all fuel cell components. Because the electrical contact resistance between the BPs and the GDLs depends on the pressure applied to the contacting surface areas [20, 21] , all assemblies of fuel cells should be maintained at the same compression to ensure that the comparisons of the effects of other factors on fuel cell performance are based on the same contact resistance [20] . Consequently, all the cells were compressed at the same level. Figure 2 shows the designs of BPs and fabricated BPs in the experimental setup. The main devices for the experiment include the electronic load, mass flow controller system, temperature controller, humidity and temperature measurement devices, power supply module, and data acquisition system. Each test procedure was proven in various supplemental literatures and experiments [22, 23] . To evaluate fuel cell performance quantitatively, break-in procedure must be performed to minimize any physical damage to the MEA and maintain a stable electrical load. 
Experimental Setup
Numerical Model
Governing Equations and Physical Models
The governing equations of the PEMFC mathematical models were constructed and solved using the commercial computational fluid dynamics (CFD) software ANSYS Fluent ® 15 (ANSYS Inc., Canonsburg, PA, USA). The three-dimensional fluid flow and heat transfer were modeled by solving the Navier-Stokes transport equations in their conservative form. The electrochemistry model was constructed based on the oxidation and reduction reactions occurring at the catalyst surfaces. The conservation equation for the liquid water volume fraction or water saturation including all forms of these equations is presented in detail in [23, 24] .
Simulation Model Description and Computational Domain
The geometric models of all parts of the PEMFCs were created using CATIA software (Dassault Systèmes, Vélizy-Villacoublay, France). The ANSYS Fluent ® 15 PEMFC module was applied to solve the user-defined functions for a PEMFC. The computational domain, as shown in Figure 1 , is composed of the anode and cathode BPs, anode/cathode gas channels, and MEA on a 25-cm 2 active area [1] . The fuel cell operation is characterized as gas transport and transformation of one species to another [25] . The geometric details and other physical parameters of the cell components used in this research can be found in our previous papers [1, [26] [27] [28] and are summarized in Tables 1-3 . Table 2 . Geometric details of the cell components used in this simulation [1, [26] [27] [28] . GDL: gas diffusion layer.
Part
Length ( Figure 2b shows the two serpentine flow-fields of CSFF and SFFSB with five channels on a 25-cm 2 active area considered in this modeling. Through previous geometrical characterization of serpentine flow channels of various heights and widths, a CSFF was selected as a design standard. The geometric details of the above two flow-fields are listed in Table 1 . As shown in Figure 1 , numerical simulations were performed to compare the two configurations: (a) the configuration in which an SFFSB and a CSFF were used at the anode and the cathode, respectively; and (b) the configuration in which a CSFF and an SFFSB were used at the anode and the cathode, respectively. Table 3 lists the values for the parameters used in this research. The physical properties of the materials (density, heat capacity, electric conductivity, thermal conductivity) were clarified from the cell supplier technical specifications and references [1, 20, 25, 29] . The properties of the GDLs, catalysts and membrane were detailed as well in the technical data sheets.
In this research, the mesh generations based on hexahedron mesh were built by equalizing the node connectivity in each component. A detailed mesh independence analysis was conducted to Energies 2016, 9, 844 7 of 17 assess the suitability of the meshing strategy and resolution. Consequently, approximately one million computational cells were involved in all geometries. In addition, the maximum skewness and aspect ratio of the meshes were limited to 0.5 and 20, respectively. The convergence criterions of the mass and energy balance were controlled to reduce to a value of less than 1 × 10 −7 [1, 26] .
Operating Equations
PEM fuel cells operate under steady-state conditions and follow the ideal gas law. The gas flows are laminar, incompressible, and single-phase. The gas diffusion layers, catalyst layers, and membrane layer are isotropic materials. Serpentine channels and co-flow are assumed. The operating pressure is 101 kPa absolute, and the cell temperature is maintained at 343 K. The reactants are hydrogen-water vapor in the anode inlet and air-water vapor in the cathode inlet. The boundary conditions for the supplied gases are set as either constant mass flow rate or constant stoichiometry ratio. In the case of constant mass flow rate, the flow rates of both the anode inlet gas and the cathode inlet gas are kept constant during each experiment. The flow rates of air and hydrogen are maintained at 0.6 L/min and 1.996 L/min, respectively. In the case of constant stoichiometry ratio, the mass flow rates are adjusted according to the current densities to ensure a constant stoichiometry ratio of 1.5 for the anode inlet gas and 2 for the cathode inlet gas. Table 4 presents a summary of the boundary conditions used in the simulations. Table 4 . Details of the operation conditions used in this research [1, [26] [27] [28] . 
Parameter
Inlet Conditions Value
Results and Discussion
Effect of Flow-Field Design on Temperature and Pressure Distribution
The performance-related parameters of the temperature distributions and the temperatures along a reference location of the four simulation cases are compared at an average current density of 1.2 A/cm 2 , as shown in Figure 3 . Generally, the temperature difference between the membrane surface and flow channel is less than 2 K. In addition, the temperature distributions along the flow path are uniform because the insulated boundary is on the top surfaces of both the cathode and anode side. Figure 3a ,b show the temperature profiles at the membrane surfaces on the anode and cathode side along the flow path for configurations (a) and (b) with two different boundary conditions for the inlet gases, namely, a constant mass flow rate and a constant stoichiometry ratio. The local temperature depends on the electrochemical reaction rate, and this rate is usually governed by the reactant concentration, which varies along the channel. Generally, the temperature on the cathode side is higher than that on the anode side. Since the heat produced in the rib area is more easily transferred to the graphite block in comparison with the heat produced in the channels, then the temperature under the rib areas is lower than that under the adjacent channel areas. In addition, the heat released is also carried by the stream gases. Consequently, when comparing the same locations corresponding to a current density of 1.2 A/cm 2 , the temperatures of configurations I and III are higher than those of configurations II and IV because the mass flow rates of the gases in the case of constant mass flow rate are higher than in the case of constant stoichiometry ratios, as shown in Table 4 . In addition, the temperature decreases from the inlet toward the outlet because the water formation increases along the axial flow channel due to the cooling of the liquid water at the outlet. The temperature distribution of configuration (b) is also more uniform than that of configuration (a). This finding suggests that applying SFFSB for the cathode bipolar plate better enhances heat transfer in fuel cells.
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shown in Table 4 . In addition, the temperature decreases from the inlet toward the outlet because the water formation increases along the axial flow channel due to the cooling of the liquid water at the outlet. The temperature distribution of configuration (b) is also more uniform than that of configuration (a). This finding suggests that applying SFFSB for the cathode bipolar plate better enhances heat transfer in fuel cells. Figure 4 compares the pressure profiles on the anode and cathode channels at an average current density of 1.2 A/cm 2 . Generally, the pressure on the cathode side is higher than that on the anode side because of the higher mass flow rate of oxygen compared to hydrogen. Additionally, the total pressure decreases from the inlet toward the outlet in both the anode and cathode gas channels because of the pressure drop caused by the frictional and bending losses in the gas flow channel [1, 26] . However, the total pressure fluctuates dramatically when considering the local positions due to the mutual effects of the channel areas and rib channel areas. The pressure drop at the corresponding location between the adjacent channels is substantial, and a significant pressure gradient is thus created across the porous electrode. This pressure gradient is much larger than that along the channel direction, which results in considerable cross-leakage flow between the adjacent channels. In fact, this flow generates a strong convection in the electrode; as a result, the reactant distribution and the water discharge are improved. This flow is responsible for the improvement in overall performance. Figure 4 compares the pressure profiles on the anode and cathode channels at an average current density of 1.2 A/cm 2 . Generally, the pressure on the cathode side is higher than that on the anode side because of the higher mass flow rate of oxygen compared to hydrogen. Additionally, the total pressure decreases from the inlet toward the outlet in both the anode and cathode gas channels because of the pressure drop caused by the frictional and bending losses in the gas flow channel [1, 26] . However, the total pressure fluctuates dramatically when considering the local positions due to the mutual effects of the channel areas and rib channel areas. The pressure drop at the corresponding location between the adjacent channels is substantial, and a significant pressure gradient is thus created across the porous electrode. This pressure gradient is much larger than that along the channel direction, which results in considerable cross-leakage flow between the adjacent channels. In fact, this flow generates a strong convection in the electrode; as a result, the reactant distribution and the water discharge are improved. This flow is responsible for the improvement in overall performance. 
Effect of Flow-Field Design on Water Formation and Discharge
Because PEMFCs operate normally at temperatures significantly below 100 °C , the water vapor formed from chemical reactions may condense into the liquid phase, especially at high current densities. While the liquid water keeps the membrane hydrated, it also blocks the gas diffusion, reducing the diffusion rate and the effective reaction surface area and hence the PEMFC performance. In this numerical simulation, the formation and transport of liquid water are calculated by solving the conservation equation for the volume fraction of liquid water, which considers the capillary flow, the clogging of the porous media, and surface tension. Figure 5a ,b compares the liquid water distributions on the 25-cm 2 active area of the anode and cathode membrane surfaces among the four configurations (I-IV) at an average current density of 1.2 A/cm 2 . The water saturation is negligible at the anode. However, there are some local areas of high water saturation for configurations I and II, when SFFSB and CSFF are used for the anode and cathode BPs, respectively. Meanwhile, the water saturation is dramatically high at the cathode side, especially the outlet area since the configuration of SFFSB plays a better role in discharging water formed in the cathode side than that of CAFF. The trend for the temperature profiles is observed for the water saturation as well; the water saturation of configurations I and III is higher than that of configurations II and IV because the lower mass flow rate of the supplied air leads to lower water discharges. These phenomena can be explained by the feature of PEMFC operation described in [1] , where water is formed as a reaction product on the cathode side. Furthermore, water also reaches the membrane surface of the cathode side due to the osmotic water transport by the hydrated protons transferred from the anode side. This unilateral membrane water transport is 
Because PEMFCs operate normally at temperatures significantly below 100 • C, the water vapor formed from chemical reactions may condense into the liquid phase, especially at high current densities. While the liquid water keeps the membrane hydrated, it also blocks the gas diffusion, reducing the diffusion rate and the effective reaction surface area and hence the PEMFC performance. In this numerical simulation, the formation and transport of liquid water are calculated by solving the conservation equation for the volume fraction of liquid water, which considers the capillary flow, the clogging of the porous media, and surface tension. Figure 5a ,b compares the liquid water distributions on the 25-cm 2 active area of the anode and cathode membrane surfaces among the four configurations (I-IV) at an average current density of 1.2 A/cm 2 . The water saturation is negligible at the anode. However, there are some local areas of high water saturation for configurations I and II, when SFFSB and CSFF are used for the anode and cathode BPs, respectively. Meanwhile, the water saturation is dramatically high at the cathode side, especially the outlet area since the configuration of SFFSB plays a better role in discharging water formed in the cathode side than that of CAFF. The trend for the temperature profiles is observed for the water saturation as well; the water saturation of configurations I and III is higher than that of configurations II and IV because the lower mass flow rate of the supplied air leads to lower water discharges. These phenomena can be explained by the feature of PEMFC operation described in [1] , where water is formed as a reaction product on the cathode side. Furthermore, water also reaches the membrane surface of the cathode side due to the osmotic water transport by the hydrated protons transferred from the anode side. This unilateral membrane water transport is compensated partially, but not completely, by the back diffusion of water because of the concentration gradient that develops. Anode dehydration is more serious at the inlet of the cell because of the higher water back-diffusion to the anode at the outlet of the cell, which is not surprising because the water content at the outlet of the cathode is higher due to water draining, and thus the back-diffusion is higher as well [30, 31] . All these phenomena may lead to the huge difference in water saturation between the anode and cathode sides observed in Figure 5e . This difference hinders the improvement of fuel cell performance. Excess water at the cathode side leads to water flooding of the pores of the active layers through which oxygen reaches the catalyst. On the other hand, membrane dehydration on the anode side can increase the ohmic resistance and thereby decrease the discharge voltage of the cell [30, 31] . The water content of the membrane is another important parameter for evaluating the water management of fuel cells. It is also determined by the balance between water formation and three water transport processes, including the water electro-osmotic drag, water back diffusion, and the diffusion of water to/from the oxidant/fuel gas streams, as mentioned in [32] . As cited in many studies, the membrane water content depends on the water activity, which is affected by the total pressure [1, 29, 31] . Use of a hydrophilic material is a major contributor to the membrane ionic conductivity (σ mem ), which is related to the membrane water content (λ) and the water activity (a k ) such that [1, 18, 24] .
where P sat w,k is the vapor pressure of water in stream k, x w,k is the mole fraction of water in stream k, P(x, y) is the pressure in Pa and T(x, y) is the diffusion temperature in K.
Water activity is defined based on the total water or super-saturated water vapor and used in the membrane hydration model to determine water transport through the membrane. Water is transported from the membrane to the channel via a GDL as a gas and a liquid; therefore, under-saturated and saturated conditions should be considered separately. Under the under-saturated conditions, the water vapor transport direction depends on the relative humidity in the channel and that at the membrane/GDL interface. Under the saturated conditions, water generated in the catalyst layer will be transported through the GDL in liquid form. The liquid water in the GDL not only provides higher resistance to gas diffusion but also covers some of the activation sites on the catalyst layer, reducing the cell voltage [33] . Figure 5b shows that the liquid water activity fluctuates between the peak under the channels and the trough under the ribs, and the variation increases from the inlet toward the outlet. The liquid water activity directly affects the membrane water content as described in Equation (1) . Figure 5c ,d shows the water content distributions on the anode and cathode sides of the membrane. Generally, since much of the water formed at the GDL and rib area is absorbed into the membrane by under-rib convection, then the water content under the rib is higher than that under the adjacent channel. Under-rib convection is the same process as cross-leakage flow [28] . On the membrane's cathode side, the water content increases from the inlet toward the outlet because the decrease of total pressure affects the water discharge conducted by the air flow. The effect of flow gases on the membrane water content is also obvious, causing the membrane water contents of configurations I and II to be higher than those of configurations III and IV due to the difference in mass flow rate of the supplied gases. The SFFSB prevails against CSFF in contributing to the improvement of water discharge on both the anode and cathode membrane sides; as a result, the water distribution of the membrane water contents of configurations III and IV are more uniform than those of configurations I and II. The average water contents of the membrane, anode, and cathode catalysts are compared for the four configurations (I-IV) at various current densities in Figure 6c -e. The water content increases from the anode to the cathode and peaks at the cathode catalyst because the contents of the membranes and the anode catalysts are inversely proportional to the current density [1, 29] . However, the trend is opposite in the cathode catalysts, where the water content increases with increasing current density. These phenomena can be explained as follows. An increasing current density results in an increase in the amount of water in the cathode catalyst because the back diffusion is not sufficiently high to compensate for the electro-osmotic drag in drying at the anode, and the anode drying is faster than the velocity of moving water [13] . For a fully humidified condition, a membrane water content value of λ = 14 is appropriate, as defined in Equation (1); therefore, it is assumed that flooding occurs at values of λ over 14 [1, 27] . All the simulation results show that the average water content of the membrane is less than 14; thus, water flooding is predicted to be insignificant at the membranes. However, it may still occur in some local areas of the membrane and cathode catalyst areas where the water contents are very high despite the average water content of the whole being significantly less than the value of λ = 14, especially under high current density and low mass flow rate of the supplied gases. Indeed, as shown in Figure 6d , there are significant areas of the membrane cathode side of configurations I and III with water contents greater than 14. Additionally, there are some small areas of configuration II situated at the outlet zone where the membrane water content is higher than 14; meanwhile, membrane configuration I is dry enough to prevent flooding in all parts of the membrane due to the effective contribution of the SFFSB configuration.
1 Figure 6 . Comparisons of (a) membrane water contents along a reference location; (b) liquid water activities along a reference location; (c) average anode catalyst water contents; (d) average cathode catalyst water contents; (e) average membrane water contents; and (f) membrane protonic conductivities. The ionic conductivity membrane modeled by Equation (3) plays an important role in PEMFC operation, as it functions as a fuel and oxygen barrier and as a proton transport path from the anode to cathode to complete the reaction. The ionic conductivity of the membrane depends on the water content and is highest when the membrane is fully saturated [1] . As mentioned above, water is produced from the cell reactions as liquid and should be removed from the fuel cell. Too much water in the cell will cause the flooding of the electrodes and reduce gas diffusion. However, too little water in the cell will result in the dehydration of the membrane and a reduction in ionic conductivity. As shown in Figure 6e ,f, the water content of the anode catalysts and the membranes of configurations I and II are somewhat higher than those of configurations III and IV, respectively; as a result, the average membrane conductivities of the four simulation cases also vary according to the same trends. Figure 7a presents the current density distributions on the MEA surface of the four simulated configurations I to IV at an average current density of 1.2 A/cm 2 . Generally, the local current density degrades from the inlet toward the outlet because of the reduction of reacting gases. However, the current density distributions are changed because the different flow-field configurations have uneven electrochemical reactions. The average current densities of four simulation cases at 1.2 A/cm 2 are respectively 0.5199 V, 0.5210 V, 0.5588 V, and 0.5599 V. When the current density is constant, the differences of the cell voltages between these cases may be attributed to the differences of pressure drop, water concentration, and membrane conductivity among those which relate directly to water content and liquid water saturation of catalyst and membrane [1] . Compared to the other cases, the membrane current density distribution of configuration IV is the most uniform. Meanwhile, the distribution is very non-uniform in configuration I especially not only between the inlet and outlet area but also the rib and channel area. In configuration III, the distribution of the inlet area is also slightly higher than the outlet area; however, the differences between the local rib and neighboring flow-channels areas are not significant. A highly uniform current distribution can also be observed in configuration II when the differences in current density contribution throughout all areas are small. These results prove that the SFFSB configuration of the cathode BP contributes positively to the uniform current density distribution; meanwhile, its role when applying to the anode BP is ambiguous. SFFSB prevails against CSFF in contributing to the improvement of water discharge in the cathode side where water is formed through the recombination and subsequent reaction between hydrogen ions, electrons and oxygen; as a result, reaction gases may penetrate throughout all the catalytic surface areas without the obstruction from water flooding to react and create electricity. In addition, the high gas flow rate also plays an important role in the water discharge and transfer of the reacting gases to the catalyst surface; thus, the current density distributions of configurations II and IV are more uniform than those of configurations I and III. Figure 7b ,c shows the polarization and power density curves of different configurations I-IV obtained by numerical simulation and experimental test according to the different boundary conditions of the flow gases. Generally, the result reveals that the power densities of configurations III and IV are higher in comparison with the flow-field configurations I and II. Maximum power densities of the four simulation configurations I-IV are 0.6665 W/cm 2 , 0.8305 W/cm 2 , 0.8415 W/cm 2 , and 0.9790 W/cm 2 , respectively. Meanwhile, these values are slightly higher in the experiment with the same boundary condition tests. In addition, there is always a good agreement between the experimental and simulation results for the cell voltage and power density curves at every test point when the maximum difference is only approximately 5%. As mentioned in [1] , small variations between the experimental and simulated data can be a result of the assumptions of the simulation process; however, these assumptions cannot be controlled in the experiments. Furthermore, many important imported parameters used in the simulations are very difficult to verify in the experiment. Nonetheless, the simulations are still helpful for predicting the trends of the polarization, power density curves, and physical transport phenomena occurring within the fuel cell.
Effect of Flow-Field Design on Fuel Cell Performance
dramatically reduces the fuel cell performance. To overcome the cathode flooding, some studies suggested that the PEM fuel cell should be maintained at a higher pressure at the cathode side. This means that high mass flow rates of inlet gases should be supplied. Indeed, both the simulation and experimental results of this research show that the power densities of configurations II and IV are higher than those of configurations I and III, respectively, due to the higher mass flow rates of inlet gases of configurations II and IV as described above. As shown in Figure 7 , corresponding to the boundary conditions of constant stoichiometry control and constant mass flow rate control, the fuel cell performance is different. In case of constant stoichiometry control applied to configurations I and III, the constant stoichiometry ratios of supply gases were controlled by the values of 1.5 and 2 corresponding to the anode and cathode inlet boundary conditions, respectively. In general, the power densities of configuration III are dramatically higher than configuration I when comparing at the same current density. These results can be explained by the effects of CSFF and SFFSB on gas-flow contribution, water discharge, and other physical transport phenomena occurring within the fuel cell. The adoption of SFFSB at the cathode bipolar plate increases the output power density because when inserting sub-channels between the main channels, a shorter distance between channels results in a lower resistance to flow through the porous media and therefore increases the flow rate between adjacent channels. In addition, reducing the space between channels, even locally, improves the flow rate between channels. Consequently, the under-rib convection flows from the main channel toward the adjacent rib because of the pressure difference, which causes changes in that the internal pressure is reduced by the diffusion of reacting gases, water behavior, uniform temperature, and current density distribution [1, 26] . Compared to CSFF, SFFSB makes a feature of low pressure at the entrance; therefore, it shows a better characteristic than that of CSFF due to the reacting gases transfer being closer to the exit, which generates a more effective utilization of the electrocatalysts by improving the mass transfer rates of the reactants from the flow channel to the inner catalyst layer. However, as mentioned above, the role of SFFSB prevails in the cathode side when it minimizes the pressure drop and facilitates the discharge of liquid water to reduce the water Energies 2016, 9, 844 15 of 17 flooding. Meanwhile, its role in the anode side was not obvious because the water is only generated at the cathode-electrolyte interface by the electrochemical reaction, the water concentration therefore tends to be higher at the cathode side and water transport from the cathode side to the anode side is by back diffusion. This is in the opposite direction to the water transport caused by the electro-osmotic drag of protons from the anode side to the cathode side. However, electro-osmotic drag in a PEM fuel cell often dominates over the back diffusion and causes drying of the membrane at the anode side and results in the higher accumulation of water or the so-called flooding of the membrane at the cathode side. For these reasons, when applying the SFFSB for the cathode BP it will increase the water discharge; however, anode drying may occur when the SFFSB is applied to the anode BP. Nevertheless, in the case of using the CSFF for the cathode BP, cathode flooding can be serious due to its lack of contribution to water discharge. While drying of the membrane significantly reduces the proton transport in the membrane, flooding of the membrane at the cathode side prevents oxygen reactant gas from reaching the cathode-electrolyte interface for the electrochemical reaction, which dramatically reduces the fuel cell performance. To overcome the cathode flooding, some studies suggested that the PEM fuel cell should be maintained at a higher pressure at the cathode side. This means that high mass flow rates of inlet gases should be supplied. Indeed, both the simulation and experimental results of this research show that the power densities of configurations II and IV are higher than those of configurations I and III, respectively, due to the higher mass flow rates of inlet gases of configurations II and IV as described above.
Conclusions
This study shows how an increased number of sub-channels and by-passes in a common serpentine flow field may affect the gas transport under the ribs, with the expected improvement in the fuel cell performance. Consequently, the effects of flow-field designs in BPs and various boundary conditions, including constant stoichiometry and constant mass flow rate, on the fuel cell operation were investigated to study the physical transport phenomena occurring within the fuel cell in order to enhance fuel cell performance. The configurations of BPs used for the numerical analysis were CSFF, consisting of only the main channels, and SFFSB, consisting of the main channels, sub-channels, and by-passes. These configurations were applied flexibly to the anode and cathode BPs to develop suitable electrode configurations to enhance the fuel cell performance. In addition, the effects of various boundary conditions of mass flow gas control, such as constant stoichiometry and constant mass flow rate, on PEMFC operation were investigated. Consequently, numerical and experimental work was conducted on the following four cases: configurations I and II, in which an SFFSB and a CSFF were used at the anode and the cathode, respectively, and configurations III and IV, in which a CSFF and an SFFSB were used at the anode and the cathode, respectively. The stoichiometry ratios of the supply gases were held constant in configurations I and III, and the mass flow rates were held constant in configurations II and IV.
The results showed that the CSFF and SFFSB configurations play an important role in generating the power density and physical transport within the fuel cell. When applying the SFFSB for the anode bipolar plate, the flow direction of the under-rib convection changed from the main channel to the sub-channel, dragging water generated in the rib area to the sub-channel and discharging it toward the outlet. As a result, water flooding can be reduced and the water distribution becomes more uniform. Meanwhile, if the CSFF is used for the anode BP, its role is not clear due to the lack of water at the anode side, as analyzed above. As a result, the distributions of the temperature, current density, membrane water contents, and saturation in configurations III and IV are more uniform than those in configurations I and II, respectively. The effect of the mass flow gases on these parameters is also strong, resulting in the higher uniformity of the distributions for configurations II and IV relative to configurations I and III due to the higher mass flow rate of supply gases in configurations II and IV.
In this study, the simulation results were validated by comparison with the experimental results through the evaluation of the coincidence of the polarization and the power density curves obtained for configurations I-IV. Both the numerical and experimental results reveal that the power densities of configurations III and IV are higher in comparison with the flow-field configurations I and II. The maximum power densities of the four simulation configurations (I-IV) are 0.6665 W/cm 2 , 0.8305 W/cm 2 , 0.8415 W/cm 2 , and 0.9790 W/cm 2 , respectively. Meanwhile, these values are slightly higher in the experiments with the same boundary condition tests. In addition, the experimental and simulation results for the cell voltage and power density curves always agree well at each test point when the maximum difference is only approximately 5%.
The findings in this work provide a foundation for optimizing the design of the under-rib convection-driven flow-field for efficient PEMFCs. High cell voltage and uniform current density can be maintained by utilizing the benefits of SFFSB, which minimizes the pressure drop and facilitates the discharge of liquid water. Future research will focus on enhancing the PEMFC performance by optimizing the operation parameters, such as temperature, mass flow rates of inlet gases, and supply gas humidity. In addition, the effect of gravity and flow gas direction will also be studied to investigate the entire PEMFC operation.
